Abstract -Bacteremia and related syndromes such as sepsis and septic shock are becoming an increasing health concern due in large part to the rise of antibiotic resistance and unmet challenges for rapid diagnosis. Extracorporeal bacterial separation methods are currently under development to identify pathogens and reduce the bacterial load. Previous studies have generated models to understand the progression of bacteremia. Here, a physiologically-based pharmacokinetic model was integrated with a physically-based magnetic separation model to inform the design of a micromagnetic separation device. This modeling demonstrates that small-footprint microfluidic devices are not efficient enough for bacteremia treatment in large living systems and further research into high-throughput extracorporeal blood-cleansing devices is required.
Introduction
Bacteremia is defined as the presence of bacteria in the blood, usually from an infection source within a tissue. The immune response to the bacteria and their endotoxins results in life-threatening organ dysfunction, which is known as sepsis [1] . In most developed countries, the incidence of sepsis is estimated to be between 50 and 100 cases per 100,000 people; this incidence is increasing in excess of population growth [2] . Given the complexity of the host-pathogen interactions and the number of infectious pathogens, there is no "gold standard" diagnostic or treatment for sepsis. Initial treatments for the infection are usually broad-spectrum antibiotics and have to be administered soon after diagnosis; with each hour antibiotic therapy is delayed, survival decreases by about 8% [3] . However, more and more pathogenic bacteria have developed resistances to broad-spectrum antibiotics, reducing treatment efficacy. For this model, Acinetobacter baumannii, a Gram-negative coccobacillus, was chosen, since it has strong multi-drug resistant phenotypes and is commonly found in clinical settings, causing large nosocomial outbreaks [4] .
True treatment of bacteremia involves removing the source of the bacteria. However, infections from blood-borne pathogens are inherently difficult to treat due to their spread from an initial infection site to other locations via the bloodstream; more specifically, the lungs, the liver, and the spleen suffer the greatest burden in bacteremia [5, 6] . The removal of bacteria from the various infected organs can be modeled as a clearance mechanism, lending credence to a multi-compartmental physiologically-based pharmacokinetic (PBPK) model. PBPK models of bacterial infection have been in existence since Cheewatrakoolpong et al.'s two-compartmental murine model [7] . Miller et al. were the first to incorporate an extracorporeal pathogen removal device into an infection model [8] . A magnetic separation model was developed by Kang et al. for their device, interrogating the role of the radius of their magnetic beads in separation efficiency from whole blood [9] . Combining these models allows for better understanding of the pharmacokinetics of extracorporeal pathogen removal via magnetic beads and can inform the selection of bead radius, incubation times, and device flow rates.
To calculate the motion, and, thus, the separation, of paramagnetic particles, the magnetic field used must be understood. Specifically, the force on paramagnetic particles is directly proportional to the magnetic flux density gradient. The partial differential equations (PDEs) that describe the magnetic field and magnetic flux density cannot be solved analytically if complex geometries are involved, such as multiple magnets. The field of the magnets to be used in the separation device were explored in various configurations to optimize the separation of paramagnetic particles.
Methods

Magnetic field modeling
The program FEMM 4.2 was used to calculate the magnetic field, , and flux density, , of the magnets. The general time-invariant magnetostatic problem has the governing equations
where is the current density. The constitutive equation relating the field to the flux density by the permeability, ,
must be used for each linear material in the domain. FEMM solves these equations using a magnetic vector potential approach, defining the magnetic flux density in terms of a vector potential, ,
This allows the magnetic field governing equation to be rewritten as
and can be solved for using finite element analysis (FEA). and can then be derived from . Two rectangular neodymium (NdFeB) magnets (K&J Magnetics, BX04X0, Grade N42 NdFeB, 1" x 1/4" x 1" thick, = 1.05, = 1006582 A/m) were simulated via FEA in an attracting figuration with a separation distance of 25mm, where the microfluidic channels would be. The poles of these magnets are located on the thinner sides rather than on the square faces, making them ideal for a low-profile separator. The flux density field across the gap in the y-direction were obtained and then differentiated in Matlab 2015a to determine the magnetic flux density gradient, represented here as |∇ 2 |.
Magnetic separation model
The binding efficiency of particles to A. baumannii was first estimated. As discussed by Kang et al. [9] , the concentration of bound bacteria, 0 , as a function of microsphere radius and incubation time is given by
where 0 is the initial concentration of bacteria; is an empirical constant to account for changes in binding efficiency in biologically relevant fluids; and ℎ are the collision rate constants of diffusion and shear, given respectively by
k shear = πγ̇(r b + r c ) 3 (8) with Boltzmann's constant, , the ambient temperature, , the viscosity of blood, , the spherical radius of the cell, , and the empirically determined shear rate, , held constant; as the concentration of microspheres calculated relative to a given concentration of = 500 nm microspheres by = 500 nm ( 500 nm ) 3
and as the incubation time. The overall binding efficiency, , is therefore calculated as
After incubation, the microspheres and microsphere-bacteria complexes are separated out via the magnetophoretic force,
with the constants 0 , the vacuum magnetic permeability; , the volumetric susceptibility of the microspheres; and | 2 |, the magnetic flux density gradient. is the number of microspheres bound to a bacterium and is estimated by
Here, refers to the proportion of the cell surface covered by microspheres.
Opposing the magnetophoretic force is the drag force in terms of the magnetophoretic velocity, , given by Stokes flow = 6
where is the effective hydraulic radius of a microsphere-bacterium complex given by
Solving = for under the assumption of force equilibrium, the magnetophoretic velocity of the complexes is equal to
Therefore, the magnetic separation time across the width of the channel, , can be calculated as
NDDTE 125-4
Assuming steady flow in the separation channels, the average velocity of a complex is given by ̅̅̅ =
being the volumetric flow rate through the entire device, being the number of channels, and = ℎ being the rectangular cross-sectional area of a channel with height ℎ and width . The residence time in the channel with length can be calculated as
The magnetic separation efficiency is then estimated by
After the incubation and separation stages, the overall fraction of bacteria removed can be expressed as Table 1 lists the physical constants and parameters used for all of the simulations. The device-specific parameters (width, height, length, and number of channels) are based on a microfluidic design currently in use. 
Physiologically-based pharmacokinetic model
The fractional magnetic separation from Equation 20 factors into the five-compartment PBPK model of infection diagrammed in Fig. 1 and detailed in Equations 21-25. Each physiologic compartment has its own associated growth rate, , a blood volume, , blood flow rate, , and a partition coefficient to bacteria, p ( Table 2 ). The transport of bacteria between compartments is represented by the arrows in Figure 2 . The most significant modification from the model NDDTE 125-5 published by Miller et al. [8] is the removal of the return pathway from the device to the blood; here, the assumption is that any bacteria removed by the device has no path of reentry into the circulatory system. 
Six different infection and treatment scenarios were then simulated using the coupled models: a nonimmunocompromised human, an immunocompromised human, an immunocompromised human with antibiotic administration, and using the extracorporeal device with the three previous scenarios. A simulated bolus of 10 7 CFU/mL of A. baumannii was injected into the lung compartment and allowed to proliferate in the system for ten hours. After incubating the blood with the colistinated magnetic microspheres for = 5 min, the extracorporeal device was linked into the system and ran for 96 hours. To determine the efficacy of treatment, the area under the curve (AUC) via trapezoidal integration in each of the compartments was compared across flow rates and microsphere radii. As a quantifiable criterion, the time to go below a threshold of 1 CFU/mL in the bloodstream was also examined [8] .
Matlab 2015a's 4 th -order Runge-Kutta solver was used to calculate an approximate solution to the system of differential equations. 
Results and discussion
Magnetic field modeling
The domain around two rectangular NdFeB magnets was simulated with 4574 nodes and 8721 elements via FEA. The calculated two-dimensional magnetic flux density agrees with the manufacturer's documentation (Fig. 2a) . A parabolic profile with a maximum flux density of 0.521T and a minimum field strength of 0.360T was achieved across the channel (Fig. 2b) . The magnetic flux density gradient ranges from approximately -20 T 2 /m to 20 T 2 /m; discretization error from differentiation resulted in a non-smooth curve (Fig. 2c) . At the location of the microfluidic channels, 2.1mm from the center of the space between the magnets, the magnetic flux density gradient was estimated to be 4.7 T 2 /m. With this magnetic flux field, a linear magnetic flux density gradient can be established to ensure consistent separation of magnetic complexes. 
Physiologically-based pharmacokinetic model with magnetic separation
Using the magnetic flux density gradient from the previous magnetostatic simulation, the magnetic separation of microsphere-bacteria complexes was modeled for microspheres with radii from 25nm to 500nm, which correspond to common paramagnetic microspheres. The device flow rate was varied over the typical range of microfluidic flow rates, 0.01mL/min to 1.5mL/min. No significant change was seen with the infection metrics in any immune situation (Table 3) , despite consistent capture of bacteria (Fig. 3) . Table 3 : Infection metrics, including maximum bacterial load, time to threshold, and area under the curve, did not change significantly with varied microsphere radius or flow rate (mean ± standard deviation). The standard deviation of any metric is at least two orders of magnitude smaller than the mean. N/A here indicates that the compartment's bacterial load never went below 1 CFU/mL. 
Conclusion
Incorporating a physically-based magnetic separation efficiency model into a physiologically-based pharmacokinetic model allows for a better understanding of the efficacy of a magnetics-based extracorporeal separation device. Here, it is demonstrated that with conventional magnets and microfluidics, clinical outcomes would most likely not improve, since bacterial load metrics were not significantly changed by any change to the microsphere radius or device flow rate. Highthroughput, high-capture devices will be essential for there to be any improvement of patient outcomes.
